Due to the coupling between the opening and sliding modes of an interfacial crack between a fiber and matrix, measuring the individual values of the interfacial strengths, specifically the normal and shear strengths, is very difficult. A method based on comparison between experimental and numerical results is proposed and implemented for estimating the normal and shear strengths along such an interface. We numerically simulate mixed-mode interfacial debonding in a transverse tensile test for a single-fiber composite coupon. The interface is modeled using cohesive elements which are subjected to a quadratic failure criterion. Frictional effects are also included when the stress states are comprised of shear and compressive modes.
Introduction
The fiber-matrix interface plays an important role in the characterization of composite materials. The interfacial strength can be a controlling factor in the failure of a composite laminate, especially under transverse tensile and shear loading conditions. The first-ply failure provides a conservative design approach for evaluating the strength of a composite laminate in which the onset of the failure of the weakest ply in the system yields a measure of the strength of the laminate. Ha et al. (1) reported that the transverse strength of a unidirectional composite is governed by the strength of either the interface or the matrix depending on which has the lower value. Thus, primarily in the case of an interface which is weaker than the matrix, the interfacial strength can be the critical factor causing a first-ply failure. Koyanagi et al. (2) reported a correlation between the longitudinal and interfacial strengths of unidirectional composites. The longitudinal strength of the unidirectional composite which dominates the last-ply failure, i.e. the ultimate failure, is at first enhanced by an increase in the interfacial strength. However, if the interfacial strength is greater than a specific value, the composite's strength then decreases. Thus, it can be stated that the interfacial property has a significant role in the whole of the composite failure. Over the years, many methods for evaluating interfacial properties have been proposed and implemented (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Among these, the use of a single-fiber composite has been common in methods such as the fiber fragmentation test, micro droplet test, push-out test, pull-out test, Broutman test, and transverse tensile test. The first four tests, which have been widely implemented (3) (4) (5) (6) (7) (8) (9) , are primarily used for the evaluation of interfacial shear properties. The remaining two tests are applicable to the evaluation of the tensile properties of the interface. However, the Broutman test is only applicable to relatively weak interfaces (10, 11) . The transverse tensile test of a cruciform specimen (12, 13) can eliminate an in plane shear stress at the specimen edge and seems to be able to evaluate the interfacial tensile strength. However, there are other locations from which the interfacial failure potentially initiates due to out-of-plane shear and tensile stress-state. As far as the interfacial tensile and shear strengths are unknown alternatively, the interfacial failure-initiation point can not be specified. It is consequently unclear whether the test results correspond to real tensile strength or not (13) . Thus, it is apparent that while methods for the evaluation of interfacial shear strength, Y s , are well established, the methods for the evaluation of interfacial tensile strength, Y n , still lack reliability. Since the failure along an interface generally has a mixed-mode effect, i.e. there exists a combined state of tensile and shear stresses, knowledge of the accurate value of only the shear strength is not enough. In the existing literature (14) (15) (16) (17) , the interfacial failure criterion is basically assumed to be a quadratic or maximum tensile or shear stress. Moreover, it has been assumed that the tensile and shear strengths of the interface are equal without any experimental evidence supporting this assumption.
In the present study, a method to estimate the range of the ratio of the interfacial tensile to the shear strength of a glass/epoxy system has been implemented. The method is to compare the results obtained from both the experimental and numerical analysis of a single-fiber coupon subjected to a transverse tensile load. For the specimen, we used a straight specimen, not the cruciform specimen, in order to generate the interfacial debonding initiation under mixed-mode at specimen edge. The initiation and propagation of the interfacial debonding is first examined and measured experimentally using a relatively thick glass fiber. This allows for better detection of the geometrical shape of the interfacial debonding. The experiment yields a set of angular orientations and lengths of the debonded region for different values of applied tensile load. Numerical analysis is then carried out using zero-thickness cohesive elements simulating the interface between the fiber and the matrix. The numerical model is subjected to the same set of applied loads, and iterative analysis is carried out with various combinations of Y n and Y s until the debonded angle and length for the given loads matches those obtained by the experimental study.
Experiment

Specimen
In this study, a single glass fiber embedded in a 10 x 100 x 10 mm epoxy slab was considered ( Figure 1 ). The diameter of the glass fiber was 0.2 mm, and any surface treatments were removed. The compound weight ratio of the epoxy resin we used is shown in Table 1 . Curing was performed at 333 K for 2 hours followed by at room temperature for 12 hours. To obtain a single-fiber coupon with the given dimensions, a large sample was first cured and then cut to size. In general, micro interfacial damage might occur during the cutting. Each constituent has individual coefficient of thermal expansion and there is temperature difference between at curing and at room temperature. This generates interfacial shear stress at cut surface and it can help to make damage at the interface. In this experiment, such kind of micro damage could affect very sensitively on the test results. Hence, all the free surfaces were thoroughly polished to minimize the presence of micro flaws, especially near the fiber-matrix interface region. The test was carried out at room temperature (25 o C) with 0.1mm/min cross-head speed. Figure 2 shows typical results for the interfacial debonding propagation history with respect to the tensile load applied to the specimen. As shown in these figures, interfacial debonding started around 5 MPa of stress on the specimen. It should be noted that the specimen stress in this experiment was due to an applied tensile load. With an increase in specimen stress, the debonding propagated further. As shown in Figure 2 (c), two types of debonding regions were observed: Regions A and B. It is apparent from the figure that, although in both regions the interface has debonded, in Region B the debonded surfaces are separated, whereas in Region A the debonded surfaces are probably in contact due to existing compressive stress, which is caused by Poisson's contraction of the matrix. This indicates that the interface in Region A fails mainly because of shear stress, and the interface in Region B fails because of the combined effects of tensile and shear stresses. In Figure 3 , results from this experiment are plotted in terms of the debonded interfacial profile for various specimen stress levels. Here, the y-axis indicates the interfacial debonding angle as defined in Fig. 2 , which is measured from the axis along the tensile load direction, and the x-axis indicates the position of the debonding tip normalized by the fiber diameter. It can be inferred from the plots that there exist regions where interfacial debonding did not occur at all. At around 15 MPa of specimen stress, the debonding typically reached the entire length of the fiber, thus causing full length debonding. 
Experimental results
Numerical Analyses
Numerical Modeling
A finite element-based model was created and analyzed using ABAQUS software. As shown in Figure 4 , by taking advantage of the symmetry of the specimen, only 1/8 th of the specimen needed to be modeled and the appropriate boundary conditions were applied. For the material properties, the elastic modulus and Poisson's ratio for the glass fiber and matrix resin were taken to be 72,000 MPa and 0.22, and 1,900 MPa and 0.37, respectively. Both of the materials were assumed to be isotropic. To incorporate the residual stresses developed after the curing process, coefficients of thermal expansion were defined for the fiber and matrix as 5x10 -6 /K and 65x10 -6 /K, respectively. The model was then subjected to a uniform temperature of -25 K, with a curing temperature of 333 K and an ambient temperature of Distance from specimen edge divided by fiber diameter Interfacial debonding angle ° (degree) 308 K. To model the fiber-matrix interface layer, zero-thickness cohesive elements were used. The property definition of the cohesive elements required four parameters: toughness values for Mode-I and Mode-II, G IC and G IIC , tensile strength, Y n , and shear strength, Y s . In this study, the toughness values were assumed as follows: previous work (18) showed that for a mixed-mode ratio of around one, the mixed-mode toughness, G C , has a value of about 8.2 N/m. The toughness, G C , can be expressed in terms of Mode-I and Mode-II toughness values, G IC and G IIC , as follows: 
( 3 . b ) Numerous studies (19, 20) , report that the toughness in pure Mode-I is around half of that in pure Mode-II. Further, assuming r I and r II to be equal to 0.5 in the previous study (18) , i.e. the ( 4 . b ) In this analysis, the above toughness values were assigned to the cohesive elements which formed the fiber-matrix interface. The behavior of the cohesive element in the mixed-mode is mentioned in the next section. For the fiber, matrix and fiber-matrix interface model in the ABAQUS solver, a total of 10,000 elements were used. Apart from the cohesive zone, all other elements were 8-node solid elements. 
Cohesive Element Behavior
The mixed-mode failure criterion for cohesive layers used in this analysis was taken to be quadratic in nature, given by
where < > indicates that the term is equal to 0 when the value of t n is negative (i.e. compressive), where t n is the interfacial normal stress. In Equation (5), t s is the interfacial shear stress, and Y n and Y s are the pure tensile and shear strengths of the interface. To incorporate the friction along the debonded fiber and matrix surface, the Coulomb friction effect was considered and a frictional coefficient of 0.5 was used. This value has been verified to be appropriate for the interface by Kimura et al (21) . In ABAQUS, the frictional and interfacial shear stresses can work independently. This means that the value of the apparent interfacial shear strength is increased by the frictional stress. This point can be illustrated by considering a case in which the shear strength of the cohesive element is set as 20 MPa and there exists a frictional stress of 5 MPa. The apparent shear strength increases due to the additional frictional effect, and is now equal to 25 MPa. Similarly, several articles have reported that the interfacial shear strength is enhanced qualitatively by interfacial compressive stress (22) (23) (24) . Consequently, the interfacial failure envelope takes the shape shown in Figure 5 . where t n and t s are the peak stresses in Mode-I (tensile) and Mode-II (shear). The initiation of the softening of the cohesive element was governed by the failure envelope as shown in Figure 5 . The toughness under mixed-mode separation was then obtained using contributions from the pure Mode-I and Mode-II toughness values and mode ratios as given in Equation 1. For the modulus in Figure 6 , since it is reasonable that the cohesive element behaves as a penalty element until the initiation of softening, we put extremely large value (40000GPa) for the modulus. Now that the traction separation behavior of cohesive elements has been mentioned, the challenge lies in obtaining the values of Y n and Y s . In the current work, analysis was carried out with estimated combinations of interfacial strengths (Y n , Y s ) so that the debonding profile would match that obtained by the experimental study for a given specimen stress value. About 100 iterations were carried out with different combinations of interfacial strength values and the optimal combination was found as discussed in the next section.
Numerical results and discussion
A typical result from the interfacial debonding simulation is shown in Figure 7 . In this figure, Y n = 25 MPa and Y s = 20 MPa, and the fiber and matrix elements and the failed (debonded) cohesive elements are not displayed. The analysis reveals that the first cohesive element failed at around 6 MPa of specimen stress. A progression in the failure of cohesive elements was observed as specimen stress increased. Despite the fact that the interfacial shear stress around 90 o near the cohesive layer tip was considerably high (due to the edge effect) at high specimen stress levels, the cohesive elements near this region did not fail. This occurred because compressive stress existed along the 90 o region, preventing failure at the interface by increasing the frictional stress. These observations are specific to the interfacial strength values mentioned above. For other sets of interfacial strengths, different results were obtained. In some cases, the debonding profile matched the experimental results, whereas in other cases, either the debonding did not initiate from the 0 o angle orientation of the interface, or the debonding initiated at lower or higher specimen stresses. The results obtained for the debonding length (the distance from the specimen's edge to the furthest point on the debonded profile) are given in Figure 8 as a function of specimen stress for a representative combination of Y n and Y s . 
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Various studies have shown that, in general, crack propagation is dominated by the toughness value. In the present study, although the toughness values for pure Mode-I and Mode-II were fixed, the mode ratio was dominated by the variation in the combination of tensile and shear strengths, Y n and Y s . Hence, it is reasonable that the difference in mode ratio caused the variation in crack propagation with different strength combinations shown in Figure 8 . However, the analytical results were different by using identical strength ratio with different magnitudes of them. It is to say, it has been simulated that the interfacial debonding is governed by not only toughness but also strengths.
The results from the analysis yield four acceptable combinations of interfacial tensile and shear strengths (Figure 9 ). Acceptable combinations are those for which the analytical results correspond to the experimental observations of the debonded profile, the specimen stress level at the initiation of debonding (around 5 MPa), and when a full fiber-length debonding is reached (around 15 MPa). It should be noted that while comparing the debonded profile, both the debonding initiation position (debonding angle) and the debonded length were considered. It is apparent in Figure 9 that any combination of 18-25 MPa for tensile strength and 18-22 MPa for shear strength is acceptable. This range will ensure that the results are within experimental scattering. Although the exact values of the individual strengths cannot be accurately determined, we can conclude that the interfacial shear strength is around 0.7-1.2 times the tensile strength under the conditions in this study. Although this estimation is not precise, it confirms that the assumption that the interfacial tensile and shear strengths have the same value (as in references (14) (15) (16) (17) ) is not inconsistent. Here, we will discuss the effect of the thermal residual stress on the interfacial debonding simulation. The coefficient of thermal expansion of glass fiber is less than that of matrix. If we apply negative temperature at all the nodes, an uniform compressive stress will develop at the interface and shear stress will develop at the interface of the specimen edge locally. The thermal compressive stress enhances the interfacial strength not only in tensile direction but also in shear direction in light of the interfacial failure criterion shown in Figure 5 . On the contrary, the local thermal residual shear stress at the edge prompts the interfacial debonding. However, as far as using the cohesive element, the local shear stress may be absorbed by the cohesive separation behavior. Hence, it is presumably expected that the effect of strength enhancement on the interface by the compressive stress is larger than the effect of the local shear stress to promote debonding. Thus, if the thermal residual stress is higher, all the numerical results in Figure 8 will move towards right-hand side. It is an interesting aspect which will be further studied in future.
Conclusions
A numerical simulation was carried out that included the use of cohesive elements to replicate the debonding behavior of a fiber-matrix interface in a transverse tensile test of a single-fiber composite. With other properties of the fiber, matrix, and interface obtained from the literature, the interfacial strengths of the cohesive elements were estimated by comparing the numerical results with those from the experimental study. We concluded that the magnitude of the interfacial shear strength was roughly 0.7-1.2 times that of the tensile strength under the conditions specified in this analysis.
